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We performed electronic transport measurements on 1D InAs quantum wires. In sufficiently
disordered wires, transport is dominated by Coulomb blockade, and the conductance can be well
described by tunneling through a quantum dot embedded between two one-dimensional Luttinger
liquid wires. In contrast to previous experiments in other material systems, in our system the
conductance difference between peak to valley decreases with decreasing temperature for several
consecutive peaks. This phenomenon is theoretically expected to occur only for strongly interacting
systems with small Luttinger interaction parameter g < 1/2; we find for our InAs wires a value of
g ≈ 0.4. Possible mechanisms leading to these strong correlations are discussed.
PACS numbers: 73.23.Hk, 73.21.Hb, 71.10.Pm
Extensive theoretical [1, 2] and experimental [3–5] re-
search has been devoted to one-dimensional (1D) InAs
and InSb semiconductor nanowires (NWs) over the past
few years. Such NWs, when put in proximity to a su-
perconductor, are expected to host Majorana topological
states due to strong spin-orbit coupling. The lack of a
Schottky barrier with the metallic contact and the rela-
tively large Lande´ factor make the experimental condi-
tions for observing these exotic topological states quite
feasible. Indeed, a zero bias peak as a signature of Ma-
jorana states was reported in InSb [4, 5] and InAs [3]
NWs in proximity to superconducting Nb and Al films,
respectively.
One of the main features in such 1D wires is the exis-
tence of ballistic helical states which are theoretically pre-
dicted [6] to exhibit nonmonotonic (up and down) con-
ductance steps of size G0 = e
2/h as the electron density
is varied by the gate voltage. Although many attempts
have been made to measure these conductance steps, they
have not been observed yet in either InAs or InSb NWs.
This indicates that disorder plays an essential role, pre-
venting the motion of the electrons between the contacts
from being ballistic. It is well known that in 1D electron-
electron interactions, described by the Luttinger-liquid
(LL) model, amplify the role of disorder significantly,
causing the conductance to vanish at zero temperature
even for very weak disorder [7]. Experimentally, how-
ever, the effects of the interactions in NWs with strong
spin-orbital scattering have not yet been reported.
In this letter we report on experimental studies of elec-
tronic transport in disordered InAs NW at low temper-
atures over a wide range of electron densities. At very
low densities we find the transport to be governed by
Coulomb blockade, and at relatively high electron den-
sity by sequential tunneling through a series of barri-
ers present in the disordered NW. We demonstrate that
in both regimes the conductance is strongly affected by
electron-electron interactions. The analysis of the tem-
perature dependence of the conductance and of the line
shape of the resonant tunneling in the Coulomb block-
ade regime within the framework of the existing theories
[7] allows us to deduce the corresponding LL parameter
g. We show that in our NWs the effective LL parameter
reaches a value less than 1/2, leading to a decrease in the
Coulomb blockade peak to valley difference as the tem-
perature is reduced. To the best of our knowledge, this
phenomenon, predicted by the LL model, has never been
experimentally observed before: While there were a num-
ber of experimental papers [8, 9] in which the Coulomb
peaks decreased with decreasing temperature, this be-
havior was sporadic, namely did not occur for consecutive
peaks. Thus these previous results do not follow the pre-
dictions of the LL theory, but are rather consistent with
stochastic Coulomb blockade [10], while the opposite is
true for our results, as we discussed below.
InAs NWs approximately 2 µm long and 50 nm in
diameter were grown by Au-assisted vapor-liquid-solid
molecular beam epitaxy on a 2’’ SiO2/Si substrate. A
∼1 nm gold layer was evaporated in situ in a chamber
attached to the MBE growth chamber after degasing of
the substrate at 600 ◦C. The substrate was heated to
550 ◦C after being transferred to the growth chamber to
form gold droplets, then cooled down to the growth tem-
perature of 450 ◦C. Indium and As4 were evaporated at
a V/III ratio of 100. The NWs were studied by SEM
and TEM and were found to have a uniform morphology
with no tapering and a pure wurtzite structure with a
negligible number of stacking faults [11]. The NWs were
deposited randomly from an ethanol suspension onto 300
nm thick SiO2 thermally grown on a p
+-Si substrate, to
be used as a back gate. The NW were then mapped with
respect to alignment marks using an optical microscopy.
Ti/Al (5 nm/100 nm) contact leads, 650 nm separated,
were deposited on the NWs, using electron beam lithog-
raphy and electron beam evaporation, see Fig. 1. A short
dip in an ammonium polysulfide solution [12] was used
for removing the oxide from the InAs NWs surface prior
to contacts deposition.
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2FIG. 1. (a) SEM image of a typical sample. The conduc-
tance was measured by the four-terminal method, in which
the current was passed between two probes (denoted as I+
and I−), while the voltage was measured between two other
probes (V+ and V−). (b) SEM image of InAs NWs as grown
on SiO2/Si substrate. (c) TEM image of an InAs NW.
InAs NWs are highly sensitive to surface impurities
and other imperfections (such as surface steps and dan-
gling bonds) since its conductance electrons are near the
surface. Hence, impurities resulting from sample fabri-
cation and the external environment, as well as the sub-
strate on which the sample is placed, induce disorder
potential barriers.
Conductance was measured by a four-terminal method
using a low-noise analog lock-in amplifier (EG&GPR-
124A). The current was passed between two probes (I+
and I− in Fig. 1), while the voltage was measured by
two different probes (V+ and V− in Fig. 1). It should
be noted that I and V are connected to the NW at the
same point, so that the contact resistance is always in-
cluded in the conductance measured. The measurements
were done in a 4He cryogenic system in a temperature
range of 1.7 K–4.2 K.
Fig. 2 shows the measured conductance G as a function
of gate voltage, Vg, of an InAs NW over a wide range of
gate bias. The as-grown NWs are conducting and the
gate voltage bias required to pinch off the conductance
is Vg = −0.35 V. At low values of the gate voltage (left
panel) a series of distinct conductance peaks is clearly
observed, with a typical spacing of δVg ∼25 mV. At high
gate voltage values (exceeding 0.5 V, right panel), the
variation of the conductance is much smoother, with an
overall tendency to increase with increasing gate voltage.
At lower temperatures the conductance peaks become
sharper, but the value of the conductance at the peaks is
reduced.
The behavior at low values of the gate voltage (left
panel of Fig. 2) indicates the occurrence of a Coulomb
blockade, similar to quantum dots. The peak spacing in
our device is shown in Fig. 3. It is well known that the
conductance peaks in quantum dots are equally spaced
if the energy level spacing between single electron states
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FIG. 2. (Color online) Conductance of an InAs NW (diame-
ter: 50 nm; length: 650 nm) as function of the gate voltage,
at 4.2 K (black curve) and 1.7 K (blue curve). The first con-
ductance peak in marked by #1, and the tenth by #10.
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FIG. 3. The peak distance in mV. Its value at peak number
n indicates the distance between peak #n and peak #n+1
taken at T = 1.7 K.
in the dot, ∆, is negligible relative to the charging en-
ergy, and could become irregularly-spaced in the opposite
limit [13]. Since here the distance between peaks varies
by over 50%, the latter case is realized in our sample.
In this regime every peak corresponding to an odd num-
ber of electrons in the dot should be separated from the
previous one by a roughly constant charging energy Ec,
whereas the next peak should be separated by Ec+∆, and
thus vary from level to level. Indeed, we see that every
second peak of the first 10 peaks has a gate voltage spac-
ing of 25 mV (with the exception of the distance between
the 5th and 6th peaks which is slightly lower (≈21 mV).
This value of δVg = 25 mV should thus correspond to
the charging energy, and is related to gate capacitance
Cg via δVg = e/Cg, yielding a value of Cg = 6.4 · 10−18
F.
Since the geometry of the sample and its dimensions
are known, we can estimate the size LQD of the quan-
tum dot from the expressions for the capacitance of a
cylinder in the vicinity of a conducting plate, Cg =
2piεLQD/ ln(4d/Dwire), where ε is the dielectric constant,
Dwire is the wire diameter, and d is the SiO2 thickness.
Substituting the values of the sample dimensions, the
3average dielectric constant of 4He and SiO2 (ε ≈ 2.5ε0),
and the estimated value of the capacitance, gives LQD ≈
200 nm. We see that LQD is smaller than the NW length
(L = 2 µm) by an order of magnitude, and smaller by
more than a factor of 3 compared to the separation be-
tween the voltage leads (Lvp = 650 nm). Thus it is le-
gitimate to assume that the QD is formed as a puddle
of 1D electrons separated by two barriers on both its
sides, somewhere in the segment of the NW between the
voltage leads. In addition, we see that the segments of
the NW to the right and left of the dot are long enough
so that their single particle level spacings and charging
energies are well below the temperatures reached in our
experiment, allowing us to describe them as infinite 1D
leads.
In such a case it is reasonable to carry out our data
analysis in the framework of the theory of tunneling be-
tween two 1D NWs through a quantum dot. Resonant
and sequential tunneling were well studied theoretically
and experimentally in the past for both interacting and
non-interacting 1D electrons, see e.g., Ref. [7] and refer-
ences therein. In our system the peaks widths are found
to scale linearly with the temperature T . We thus try
to explain our results using Furusaki’s expression [14] for
the conductance due to sequential electron tunneling in
a QD connected to LL leads. The line shape of a single
conductance peak as a function of the energy E (distance
from the peak), is then:
G(E, T ) = AG0
γ(T )
T cosh
(
E
2kBT
) ∣∣∣∣Γ( 12g + i E2pikBT
)∣∣∣∣2 ,
(1)
where A is a constant related to the asymmetry and
height of the barriers defining the dot, the factor γ(T ) =
T 1/g−1 accounts for the renormalization of the tunneling
rates by the LL effects, and Γ(z) is the gamma function.
Note that the temperature variation of G at the peak is
then
Gmax(T ) ∝ T 1/g−2. (2)
In all the above expressions g is the effective LL inter-
action parameter; g = 1 for a non-interacting NW and
decreases (g < 1) with increasing repulsive interactions.
It is a combination of the charge and spin interaction
parameters, as we discuss below.
The experimental data in Fig. 2 shows that both the
height and the width of the conductance peaks decrease
as temperature is reduced. Thus the interaction param-
eter g should be smaller than 1/2. Our experimental
data (Fig. 4) shows that indeed the temperature depen-
dence of the height of each peak can be well described
by the power law, Eq. (2), from which we can deduce the
value of g for each peak. For the first two peaks we find
g = 0.38± 0.03.
In order to verify that the line-shape of the Coulomb
blockade peaks as a function of the gate voltage can be
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FIG. 4. (Color online) The experimental conductance peak
heights as a function of temperature and fits to Eq. (2), for
the first three peaks of Fig. 2.
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FIG. 5. (Color online) Fit of the first three peaks in Fig. 2 to
Eq. (1) at 4.2 K, 3.3 K, and 1.7 K.
described by expression (1), we fit the gate voltage de-
pendence of our data to a sum of terms (one for each
peak) of the form of Eq. (1), with E = α(Vg−V0), where
V0 is the gate voltage value at the peak and α is the ratio
between the gate capacitance and the total capacitance
of the dot. α and the amplitude A are used as fitting pa-
rameters, and for g we plug in the value extracted from
the data analysis presented in Fig. 4. The result for the
first 3 peaks is shown in Fig. 5. We find that, as ex-
pected, α = 0.1± 0.005 does not vary between the peaks
and/or as function of temperature indicating that Eq. (1)
indeed gives a consistent description of our dataset. We
have performed a similar fit procedure for other peaks,
and in Figs. S1–S2 of the supplementary material [15] we
show the results for peaks #16–#18. Since the Fermi
energy is larger, the value of g is expected to be higher
for these peaks, and we indeed find g ≈ 0.5.
We now turn to the analysis of the data at high gate
voltages (right panel of Fig. 2), where the Coulomb block-
ade oscillations are no longer observed. The conductance
at this range of gate voltages also exhibits a power-law
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FIG. 6. (Color online) Fit to Eq. 3 (solid blue curve) to the
conductance vs. Temperature at Vg = 3.5V
decrease as the temperature is decreased. Fig. 6 shows
the experimental data for the temperature variation of
the conductance at Vg = 3.5V , together with a power-
law fit. One can argue that in this regime the electronic
conductance can be described by a model of a LL with
strong disorder, in which the conductance is given by [7]:
G(T ) ∝ T 1/g−1. (3)
From the fit we find that at high gate voltages g ≈ 0.74,
higher than the values extracted within Coulomb block-
ade regime for a much lower gate voltage. It is indeed
expected that the interaction constant should increase as
the Fermi energy is increased, since g depends on the ra-
tio between the Coulomb energy U and the Fermi energy
EF in the NW. Moreover, we might have more than one
conducting channel in the NW at such high gate voltage,
which could also lead to the increase in the value of g.
Another interesting feature of the conductance varia-
tion at low gate voltage is the non-monotonic variation
of the average conductance values: As one can see in
Fig. 2, while the average conductance is generally in-
creasing along almost the entire range of the gate bias,
a local minimum around Vg ≈ 0.2V is clearly observed.
The monotonic increase of the average conductance is
expected, since the transmission of the potential barri-
ers should increase with energy, and, moreover, electrons
start to populate additional bands at higher gate bias.
The well-pronounced minimum of the average conduc-
tance which is surprising. One could speculate that it
might be related to the opening of an energy gap in the
higher bands due to disorder and strong spin-orbit cou-
pling, as was recently predicted theoretically [16]. How-
ever, we cannot verify this scenario quantitatively.
As we pointed out earlier, the reduction of the con-
ductance peaks at low temperatures has been observed in
previous experiments [8, 9], but their results are markedly
different than ours. In previous experiments, the de-
crease was sporadic, occurring only for non-consecutive
peaks, and thus cannot be accounted for by the LL pic-
ture, but rather indicates a stochastic Coulomb blockade
[10]. In contrast, in our system the peak reduction occurs
in a similar way for several consecutive peaks [17].
Now we address the question of why in our InAs NWs
the effective LL parameter g is smaller than 1/2 at low
filling (so that Gmax decreases with decreasing temper-
ature), while other experimental studies of 1D quantum
wires, e.g., carbon nanotubes [18], GaAs wires formed
at the cleaved edge overgrowth of a GaAs/AlGaAs het-
erostructure [19], or at the bottom of a V-grooved GaAs
growth [20], all exhibit effective LL parameters higher
than 1/2 (so that Gmax increases with decreasing tem-
perature). We believe that there are two main reasons
which contribute to the lower value of the LL parameter
in our InAs NWs.
The first is related to the environment of the quan-
tum wires. Both types of GaAs wires reported in the
literature [19, 20] were created within 2DEG structures
embedded well inside a semiconductor material with a
large dielectric constant (AlGaAs and GaAs). In con-
trast, while the InAs NWs have a similar dielectric con-
stant to GaAs, they are placed on SiO2 surface, so the
surrounding materials, namely, 4He and SiO2, possess
much smaller dielectric constants. These reduced dielec-
tric constants enhance the effect of Coulomb interaction
in our system as compared to the GaAs wires reported
before.. Carbon nanotubes could have even lower dielec-
tric constant (especially when suspended), but, as we now
discuss, their high channel symmetry is responsible for
enhancing the effective g.
The second reason for observing a smaller LL param-
eter in our system is related to an inherent property
of InAs, which possesses strong spin-orbit coupling that
breaks the spin rotation symmetry. It should be noted
that the effective LL parameter g is related to the in-
teraction parameters in the charge and spin channels (gc
and gs, respectively) by [14]
1
g
=
1
2gc
+
1
2gs
. (4)
In GaAs spin-orbit coupling is very small, therefore spin-
rotation symmetry dictates that gs = 1. Thus, g < 1/2
can only be obtained if the interaction in the charge
sector is extremely strong, gc < 1/4. In carbon nan-
otubes the additional valley degeneracy results in 1/g =
1/(4gc)+3/4, so g < 1/2 results in an even stricter condi-
tion, gc < 1/5. On the other hand, in InAs spin rotation
symmetry is broken, allowing for gs < 1 and making it
easier to reach g < 1/2.
Therefore we believe that the combination of a lack of
orbital degeneracy due to strong spin-orbit coupling and
of the low effective dielectric constant, makes our InAs
NW a unique system where strong effective interactions,
g < 1/2, can be achieved, and thus a decrease in Coulomb
5blockade peak heights with decreasing temperature can
be observed. Finally, our experiment concentrated on the
sequential tunneling regime, at lower temperature we ex-
pect resonant tunneling to become dominant near the
Coulomb blockade peaks, and the Kondo effect to show
up in odd charge valleys, as recently found in measure-
ments carried out on short InAs NWs (where LL effects
are absent) [21].
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FIG. S1. Fit of peaks #16–#18 in Fig. 2 to Eq. (1) with
α = 0.08 and g = 0.5 at 4.2 K and 1.7 K.
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FIG. S2. The maximum conductance of peak #17 versus
temperature, as was extracted from the fitting to Eq. (1) in
Fig. S1. The peak height is almost constant as function of
temperature, indicating g ≈ 0.5 [cf. Eq. (2)].
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FIG. S3. The difference between the peak and the subsequent
valley conductance as function of temperature for the first
peak in Fig. 2. As discussed in footnote 17 in the main text
this behavior is opposite to the one observed in Ref. [8] where
the peak to valley distance decreases with temperature.
